This paper presents a new high-density, scalable, peristaltic gas micropump, fabricated using a high-yield and modular technology. Previously our group introduced the first peristaltic electrostatic gas micropump, utilizing fluidic resonance and multi-stage configuration, which achieved the highest pressure and flow at the lowest power ever reported for a gas micropump. The micropump reported here utilizes the same operating principle, but with major modifications in device structure, architecture, fabrication technology, and pump assembly and packaging. The new pump is significantly more space efficient than the previous design and can be fabricated on one single sided silicon wafer and assembled modularly (in parts), providing much greater testing and characterization capabilities at different points in the process, as well as a significantly higher yield and better control over critical pump parameters.
INTRODUCTION
Gas micropumps are needed in many emerging applications, including gas chromatography, resonant/IR sensors, and mass spectrometers. High pressure and flow are important requirements, which in turn require largestroke and/or high-frequency actuators with low power consumption. Many gas micropumps have been reported [1] , that exhibit either large area or high force actuation using bulky piezoelectric/electromagnetic actuators [2] , or that are slow and power/size inefficient [3] . Our group introduced the first multi-stage (2, 4, and 18) electrostatic peristaltic gas micropump, and utilized fluidic resonance and multi-stage configuration to achieve the highest pressure/flow and lowest power [4] . It utilized a 3-wafer bonded-aligned process together with a Parylene membrane to form pump chambers and active checkerboard microvalves. However, it had inherent limitations in scalability, sealing, and yield, due to misalignment and non-uniform bonding.
The micropump reported here utilizes the same operating principle, but with major modifications in device structure/architecture, a totally new fabrication technology, and assembly/packaging. Moreover, a new pump architecture, known as Honeycomb Pump (HCP), is introduced, which allows full area utilization, and hence, reduces the device size to 50%, improving packing density. This feature allows packing more stages into a smaller area, making this pump truly scalable.
Several pumps with different number of stages are fabricated. The 24-stage pump (the most ever integrated on a single chip) has 12 pumping membranes, 25 valves, measures 573mm 2 , and has successfully generated a flow rate of 0.031sccm. This is lower than designed because the perforated drive electrodes are unexpectedly curved down, thus increasing the actuation voltage and preventing complete valve sealing. This curved electrode phenomenon is identified as a potential feature and will be utilized to advantage in the next generation design to increase flow and pressure, and reduce the actuation voltage and power consumption. Figure 1 shows operation of a single pumping cell, consisting of two stages. A pump membrane is actuated in between two chambers, connected using active microvalves. As the membrane is actuated in coordination with microvalves, one chamber volume is expanded and the other is compressed. When actuated with proper timing [5] , gas is pushed from one chamber to the other. This cycle is repeated across many chambers in a bucketbrigade fashion. High flow rate is achieved by actuating each stage at fluidic resonance, which is designed to occur at tens of kilohertz, and high pressure is achieved by adding stages in series. In particular, fluidic resonance compensates the reduction in flow rate caused by small volume displacement of each stage, which is needed for system linearity (and hence scalability) and lower actuation voltages. Figure 2 shows pump timing and different phases in a single pumping cycle and signals used to actuate each membrane.
PRINCIPLE OF OPERATION
Electrostatic actuation, with single drive electrode, is used for ease of fabrication, integration capability, low power consumption, and high speed. Drive electrodes are perforated to minimize air damping. Active valves are realized by electrostatically actuated perforated membranes, collapsing on perforated electrodes with hole-mismatch, in a checkerboard pattern (Figure 3 ). 
DESIGN AND MODELING

Architecture (Multi-Stage Honeycomb Pump)
The original Michigan Pump architecture was areainefficient, due to use of square membranes, as can be seen in Figure 4 (a). By introducing a new Honeycomb Pump (HCP) configuration, 100% area utilization can be achieved, allowing integration of more stages, and higher scalability, as shown in Figure 4 (b).
Fluid Dynamic Modeling
A reduced order acoustic model had previously been developed by Astle et al, to predict the resonant frequency of the multi-stage device [6] . It considered a 2-stage model based on the original dual electrode pump design without any multi-physics analysis. Since the new design uses only one electrode for actuation, a new and multiphysics model that adds structural deformation of the membrane and electrostatics to the old model was developed [7] . The FEA and theoretical modeling analysis of the square membrane (with the same area and material properties as the hexagonal membrane) showed the resonant frequency to be 34kHz. Figure 5 shows the multi-physics modeling for a 4-stage vacuum micropump. The analysis showed that the new design, contrary to intuition, requires a much lower voltage to produce maximum pumping, due to fluidic resonance and single electrode actuation. Note that for the lowest actuation voltage, no pumping occurs below a certain frequency (far from resonance), due to incomplete membrane action. 
Design Summary
Based on the multi-physics acoustic modeling and capabilities of the fabrication process (next section), design parameters for different number of stages of a HCP were chosen as listed below (multiple values tried for each parameter). 
TECHNOLOGY AND FABRICATION
Since all pumping and valve membranes are connected in series, scalability of the pump is greatly affected by fabrication yield, which in turn is affected by the ability to control critical micropump parameters during fabrication. In particular, parameters such as membrane's resonant frequency and valve sealing must be consistent, and compression ratio should be well controlled across the device. Despite its novelty, the micropump fabrication process previously developed by our group [4] , was complex, due to use of multiple wafers and bonding steps, resulting in low yield and hence, low scalability. Here, a modular fabrication technique, in which the device is fabricated as two separate parts (later to be assembled together) is used, to address complexity and repeatability issues, and hence improve scalability. This technique provides the following features: 1) separating fabrication of the sensitive part of the device, or "mechanical resonator" (containing all membranes, electrodes and small feature components) from the insensitive part, or "acoustic resonator" (containing the package and cavities), 2) fabrication of sensitive components (to be accurately aligned to each other) on one single-sided silicon wafer, eliminating the need for bond-alignment, 3) improved control/repeatability over critical pump parameters (stage compression ratio, resonant frequency, valve alignment), 4) simplicity, 5) testability at different points in the process, 6) significantly improved yield (>80%), 7) higher throughput, and 8) lower cost. Figure 7 shows the fabrication process of the mechanical resonator, or Module A, which is done in a 6 mask process: Silicon wafers are thermally oxidized to form a mask for boron doping. Next, deep trenches are etched using DRIE process, to define pumping cavities and form vertical stiffeners later. Wafers are then boron doped to >5e19cm -3 level to improve the conductivity of the electrode areas and also provide p++ etch stop for later wet etching. Next, an LPCVD poly-silicon sacrificial layer is deposited and patterned, followed by deposition and patterning of an LPCVD oxide-nitride-oxide (O-N-O) membrane and a thin sputtered Cr-Au layer for electrostatic actuation. Finally, resonators are released through a DWP and surface micromachining process, using Ethylenediamine-Pyrocatechol (EDP) solution. This will release boron-doped electrodes, vertical stiffeners and freestanding O-N-O-Cr-Au membranes. Poly-silicon refilled p++ vertical stiffeners help keep a great portion of bulk silicon intact, since EDP stops at (111) crystal plane, as shown in Figure 7 (e).
Mechanical Resonator (Module A) Fabrication
Package (Module B) Fabrication and Assembly
The acoustic resonator, or the package, is fabricated in a single mask process by etching pumping cavities in glass wafers, using HF and evaporated Cr-Au as the mask. Note that only top packages are patterned. Upon dicing the packages, assembly/packaging process follows as shown in Figure 8 : SU-8-2010 is spun on glass packages and soft-baked. Next, module A is sandwiched between and aligned to Module B, and the whole stack is heated up to reflow the SU-8 and seal the cavities. UV exposure and post exposure bake follow to cure the polymer and prevent it from property shift over time. 
TEST RESULTS AND DISCUSSION
In order to drive the micropump, three AC signals are needed, two of which are used for valve membranes (inlet and transfer) and the other for pumping membranes. AC signals are generated by an NI-6353 DAQ card (driven by MATLAB) and amplified to the pull-in voltage level of the membrane, using three power amplifiers (Tektronix TM504, Tegam 2350 and Krohn-Hite 7602M). To avoid charge accumulation on electrodes/membranes, no DC signal is used; and instead, pump electrodes are grounded. The pump under test is connected to a flowmeter (Omega 1601A) and an absolute pressure sensor (Omega PX209) in series, using capillary tubing and external plastic tubes. Flow rate and pressure data is recorded by the DAQ card and a MATLAB interface. shows spectral analysis of the membrane, measuring a ~35kHz first mode resonant frequency, which indicates a good match between the design and experimental data. The measurement is done using a single point laser vibrometer (Polytec OFV-503), and data is recorded and analyzed by a MATLAB interface.
To characterize the packaging quality and valve sealing under actuation, fluidic resistance of the pump was estimated by applying a positive pressure difference, using a differential pressure regulator (DHI-PPC2+) and measuring the flow rate by the Omega 1601A flowmter.
The 24-stage pump under high flow rate timing (introduced in [6] ), generated a flow rate of 0.031sccm. This is lower than modeled ( Figure 5 ), because the perforated drive electrodes are unexpectedly curved down, thus increasing the actuation voltage and preventing complete sealing. This should be remedied in the future, by slightly modifying the fabrication process.
Preliminary electrical and fluidic measurement results are summarized in Table 2 . 
CONCLUSION
Modular peristaltic multi-stage electrostatic gas micropumps with novel scalable honeycomb architecture in 4-, 12-and 24-stage configurations, were designed, fabricated and tested. Novel wafer-level fabrication process along with a new die-level assembly/packaging is developed and optimized. The modular fabrication process reached a final release yield of >90% at wafer level, with <5% error on critical pump parameters, including membrane displacement and resonant frequency and cavity height. The microfabricated 24-stage pump, under preliminary testing, successfully produced a flow rate of 0.031sccm at 22kHz. The micropump fabrication process also showed the potency of fabricating curved electrode electrostatic (zipper) actuators, which will be utilized in the next generation design to decrease the actuation voltage and increase flow and pressure. CONTACT *K. Najafi, tel: +1-734-763-6650; najafi@umich.edu. 
